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FOREWORD

In this report oceanographers Richard Rezak, Thomas J. Bright,
and David W. McGrail, aided by the exceptional editorial skills of
technical writer Rose Norman, have attempted to describe the complex
natural environment of the Texas-Louisiana shelf in terms readily
understandable by decision-makers in government and industry and by
interested citizens. Such writing represents a formidable challenge
to scientists. Yet it is of considerable importance to them as well
as to the reader because it forces them to examine and clarify
scientific arguments to the point where they can be explained in
simple, straightforward terms.

I believe that the benefits and occasional frustrations of such
writing are described best by Thomas Huxley in the preface to his
"Discourses: Biological and Geological" published in 1894. Huxley
wrote:

I found that the task of putting the truths learned in the
field, the laboratory and the museum, into language which,
without bating a jot of scientific accuracy shall be generally
intelligible, taxed such scientific and literary faculty as I
possessed to the uttermost; indeed; my experience has furnished
me with no better corrective of the tendency to scholastic
pedantry which besets all those who are absorbed in pursuits
remote from the common ways of men, and become habituated to
think and speak in the technical dialect of their own little
world, as if there were no other,

I hope that you will agree with me that the authors of this
report have lived up to Huxley's high standards by producing a
document that is both scientifically accurate and easily readable.

William J. Merrell
College Station, Texas
July 1983
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INTRODUCTION

The purpose of this report is to provide a synthesis of
scientific information regarding the geology, biology, and physical
oceanography of the Texas-Louisiana Outer Continental Shelf,
especially scientific knowledge and data related to the topographic
features extending above the seafloor. A considerable portion of
the data collected on the shelf is the result of a series of studies
funded by the Bureau of Land Management (BLM; now Minerals
Management Service, MMS) and conducted principally by investigators
at Texas A&M University. This report relies primarily on data
generated during these investigations, which started in 1974.
However, it also incorporates the scientific literature generated by
other studies before and during these BLM-sponsored investigations.
This chapter documents the early work which described topographic
features of the Texas-Louisiana Shelf, describes the structure of
this report, and summarizes the chief conclusions,

BACKGROUND

Initial interest in the banks on the Outer Continental Shelf
was expressed over 50 years ago in a paper on the Mississippi Delta
(Troworidge, 1930). 1In that paper, Trowbridge recorded the presence
of a bathymetric prominence having a relief of 33 m and a covering
of coarse sediments. Six years later the U.S. Coast and Geodetic
Survey carried out a detailed survey of the Gulf of Mexico west of
the Mississippi River. BAnalysis of these data led Shepard (1937) to
suggest that the numerous pinnacles were due to the intrusion of
salt into the sediments. Later, Carsey (1950) reported 164
"topographic features" which occur along the shelf off the coast of
Texas and Louisiana.

Pulley (1963) was the first to report that the Flower Garden
Banks were indeed flourishing coral reefs. In 1961, with the
assistance of scuba divers, he photographed and collected live
corals from both banks, At about the same Richard Rezak, while
employed by the Shell Development Company, Houston, Texas, was
invited to participate in a short cruise to the Flower Garden Banks.
Bathymetric profiles and Van Veen grabs confirmed Stetson's
description of living coral and coralline algae (1953). Levert and
Ferguson (1969) further substantiated Stetson's and Pulley's
findings.

The Department of Oceanography at Texas A&M University
conducted several cruises to the Flower Garden Banks during the
period from 1968 to 1974. Their work began as separate geological
and biological investigations but very early on became a joint
effort funded by Texas A&M University and the Flower Garden Ocean
Research Center at the University of Texas Marine Biomedical



Institute. The goal of the geological effort was to develop a
conceptual model of a coral reef growing on a terrigenous shelf for
hydrocarbon exploration. Biological efforts sought to document the
fauna and flora of the reef and bank environments.

Edwards (1971), in his Ph.D. dissertation, presented a most
comprehensive report on the West Flower Garden Bank. He used
3.5 kHz and air gun seismic profiles for the first time to
illustrate the salt diapir sub<bottom structure of that bank.
Edwards also described very accurately the sediment distribution and
. the biota associated with each sediment facies.

The initial Texas A&M investigation for BIM (now Minerals
Management Service) began in late 1974 (Bright and Rezak, 1976).
This study provided baseline biological and geological information
to facilitate judgements as to the need for and the nature of
protective regulations to be imposed on drilling operations near
these banks. Seventeen banks were mapped using precision
navigation, precision depth recorder, and side-scan sonar. Three of
the areas mapped showed no topographic relief and were not studied
further. Six of the seventeen banks were examined and sampled using
the Texas A&M submersible DRV DIAPHUS. All seafloor observations
were documented using 35 mm color still photography and black and
white video tape recordings. Surface samples of sediments (grabs
and cores) were taken at five of the banks. An important
discovery made in 1975 was the existence of a layer of turbid water
that blankets the continental shelf and surrounds and/or covers all
of the banks examined on the South Texas Outer Continental Shelf.
The layer of turbid water is associated with increased sedimentation
and limited light penetration, both of which have a profound
influence on the biota of the banks and the sediments on and around
them. This turbid layer is known as the nepheloid layer.

A second investigation, initiated in 1976 (Bright and Rezak,
1978a), extended the mapping program to three more banks and
included additional submersible work on four banks. At four of the
seven banks investigated, studies included post drilling
environmental assessments, and at two banks the quantitative
ecological relationship between the nepheloid layer and epibenthic
community population dynamics was investigated. An important
discovery during the course of this investigation was the presence
of a high salinity brine lake at the East Flower Garden Bank. The
brine lake has provided a unique opportunity for the study of the
effects of natural brine discharges. The presence of the brine lake
also provided information on the nature of salt tectonism at the
East Flower Garden Banks and other banks near the shelf break.

Studies of the nepheloid layer at various banks and studies of
the brine lake at the East Flower Garden Bank were continued in 1977
(Bright and Rezak, 1978). Additional mapping studies in 1977
provided physiographic and sub-bottom data on eight more banks,
seven of which were observed and sampled from the submersible. A



biological monitoring study was also initiated for the first time
within the living coral facies of the East Flower Garden Bank.
Biological monitoring of the East Flower Garden coral reef was
continued in 1978 as were studies of the nepheloid layer at selected
banks (Rezak and Bright, 1981). Both mapping and submersible
observations were undertaken at nine banks not previously studied.
Among these was the West Flower Garden Bank, where monitoring
studies identical to those at the East Flower Garden Bank were

ini tiated.

During the 1978-1980 study (Rezak and Bright, 1981), several
technological changes were made. Provision for seismic and
side-scan sonar equipment on mapping cruises made possible the
preparation of a series of seafloor roughness maps and
structure/isopach maps for several of the banks. Color video
cassette recordings were made of the submersible observations, and
the biological monitoring study at the Flower Garden Banks
instituted several experimental techniques that permitted
quantitative statistical analysis.

Significant advances were also made in the instrumentation used
for hydrographic studies of the nepheloid layer. The deployment of
current meter moorings and the development of a sophisticated new
system for simultaneous hydrographic measurements have created a
very large data base for measurements of turbidity, current
velocities, temperature, and salinity in the region of the Flower
Garden Banks.

Investigations from 1979 through 1981 focused on biological and
hydrologic monitoring at the East and West Flower Garden Banks, as
well as geological analysis and interpretation of sub-bottom,
side-scan, and sedimentological data from these two banks (McGrail,
Rezak, and Bright, 1982), Sub-bottom and side-scan data for seven
selected banks were also analyzed and interpreted; with one
exception, these data had been acquired in previous studies.

Geological studies at the Flower Garden Banks produced a
sediment distribution map for the Flower Garden region and examined
the relationship between sediment facies and biotic zones. Use of
the EG&G Seafloor Mapping System made it possible to prepare a
side-scan sonar mosaic for the West Flower Garden Bank. This mosaic
is for all intents and purposes a photographic representation of the
seafloor,

Biological investigations continued to be directed toward
assessment of the health of biotic communities at the two banks.
Biotic zonation maps were developed from direct cbservations and
data gathered in the course of the continuing monitoring program.
Identical coral ecology studies were carried out at the East and
West Flower Garden coral reefs, and the results were compared.



Investigations of water and sediment dynamics at the Flower
Garden Banks had three goals: 1) to study the hydrographic climate
(salinity, temperature, turbidity, and currents) in which the banks
exist; 2) to develop an understanding of the dynamics of the
nepheloid layer, particularly as it impinges on the shelf-edge
banks; and 3) to ascertain the nature of the shelf-edge flow,
including the driving mechanisms.

The present study provides a synthesis of data from the five
previous Texas A&M studies and the published record. The report is
in three parts. The first part, Chapters 1 through 3, provides a
regional setting for the geology, biology, and hydrography of the
Texas-Louisiana Outer Continental Shelf. Chapters 4 through 7
describe the geology, biology, and hydrology of the Flower Garden
Banks, which have been most intensively studied and are used as a
model to which other banks on the Outer Continental Shelf are
compared in the final part of the report. Chapter 8 is an attempt
to categorize the many banks that we have examined and establish
their relationship to the dynamic system that we have described at
the Flower Garden Banks. Chapter 9 describes an ecosystems approach
to the study of the reefs and banks of the Texas-Louisiana Outer
Continental Shelf.

CONCLUSIONS

Water and sediment dynamics studies indicate that water flows
around topographic prominences on the seafloor rather than flowing
upslope and over the crest of the prominence. In terms of sediments
or pollutants of any kind entrained in the nepheloid layer which
exists around the bases of many high relief banks, it is physically
impossible to transport sediment to the crest of the reef or bank.
This conclusion is supported by both geological and biological
evidence. No clay minerals have been found in sediments collected
from depths shallower than 70 m at the Flower Garden Banks, and only
traces have been found at depths of 80 to 85 m.

There is a very distinct biological boundary at a depth of
about 88 m. Above that depth, the dominant organisms are clear
water faunas. Below 88 m, the complexion of the fauna changes
drastically and it is a turbid water fauna.



CHAPTER 1

REGIONAL GEOLOGIC SETTING

Richard Rezak

In order to establish an understanding of the processes active
on the Outer Continental Shelf, this chapter will be devoted to a
general description of the Gulf of Mexico with special emphasis on
the physiography, sediments, and structure of the shelf in the
northwestern Gulf of Mexico. The Gulf of Mexico is a small ocean
basin which, together with the four basins of the Caribbean,
constitutes the American Mediterranean (Harding and Nowlin, 1966),
The Gulf covers an area of about 1.5 million square kilometres and
has a maximum depth of about 3700 m. Figure 1.1 illustrates the
bathymetry and major physiographic provinces of the Gulf.

PHYSIOGRAPHY OF THE GULF OF MEXICO

Continental Shelf

The continental shelf is the submerged portion of the
continental platform that slopes gradually to depths between 100 and
200 m. It is widest off southern Florida (about 300 km) and
narrowest off the modern Mississippi Delta (about 10 km). The West
Florida and Yucatan shelves are characterized by carbonate
sediments, whereas the East Mexico and Texas-Louisiana shelves are
composed primarily of terrigenous sediments (Figure 1.2). Local
areas of carbonate sediment production exist from Veracruz to the
Mississippi Delta (Rezak and Edwards, 1972).

Continental Slope

The continental slope is quite variable in its degree of slope
from place to place in the Gulf. 1In general, the upper slope shows
a slight increase in declivity from the shelf, Throughout most of
the Gulf, however, the lower part of the slope is an escarpment.
The West Florida Escarpment is one of the steepest submarine slopes
known, attaining a declivity of about 39° (810 m/kxm). The Campeche
continental slope is somewhat less steep, while the slope of Texas
and Louisiana is considerably less steep., The Campeche Escarpment
forms the lower part of the Campeche continental slope, and the
Sigsbee Scarp forms the base of the Texas-Louisiana continental
slope. The very irregular topography of the Texas-Louisiana
continental slope and the Gulf of Campeche (Figure 1.1) is due to
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salt diapirism, and the Sigsbee Escarpment is believed to be a wall
of salt (Amery, 1978). The slope off the East Mexico shelf is
characterized by a ridge system that is believed to be due to shale
ridges at depth (Watkins et al., 1978).

Mississippi Fan

The Mississippi Fan is a very broad feature covering about
160,000 square kilometres in the bathyal and abyssal depth ranges.
The fan has developed since Pleistocene time by the transport of
sediment from the Mississippi River through the Mississippi Trough
by slumping, debris flows, and turbidity flows.

Continental Rise and Sigsbee Abyssal Plain

The continental rise in the Western Gulf slopes gradually from
the base of the continental slope and merges with the Sigsbee
Abyssal Plain. The Sigsbee Plain is a very flat surface that has a
maximum depth of 3700 m. It is underlain by turbidites and
interbedded pelagic oozes.

GEOLOGIC HISTORY OF THE GULF OF MEXICO

Mesozoic Era

The basic structure and stratigraphic framework of the Gulf of
Mexico was formed by events that took place during the Late Triassic
and Jurassic periods (Salvador, 1980; see appendix for geologic time
scale). Late Triassic and Early Jurassic time saw continental
conditions in the area now occupied by the Gulf of Mexico. As the
North American Plate began to move away from the African and South
American Plates, tensional grabens began to form in the area. These
were filled with red beds and wolcanics. Due to continued
subsidence of the area, Pacific waters began to encroach by way of
Central Mexico in the latter part of the Middle Jurassic.

Throughout the latter part of the Middle Jurassic and the early part
of the Late Jurassic, the area was intermittently covered by shallow
seawater that evaporated and produced the extensive salt deposits
that are known today as the Louann Salt. Connection with the
Atlantic Ocean was finally estabished late in the Kimmeridgian (Late
Jurassic). At this time, evaporite conditions ceased and shallow
marine limestones began to be deposited., Deposition of shallow
marine limestones continued into the Middle Cretaceous (Aptian to
Cenomanian) and culminated in an extensive shelf-edge reef complex
composed mainly of rudistids, corals, algae, and foraminifers. The



reef complex occurs in the subsurface of south Texas, trends
northeastward into southern Louisiana, and then trends southeastward
to the West Florida Escarpment, where it has been sampled by rock
dredging (Antoine et al., 1967; Bryant et al., 1969).

During Late Cretaceous time there was a marked rise in sea

level, and the sediments of the northern Gulf became mainly
sandstones, shale, marl, and chalk.

Cenozoic Era

The most significant feature of post-Mesozoic history of the
Gulf has been the tremendous seaward growth of the Texas-lLouisiana
Continental Shelf. Early in Cenozoic Time the Gulf began to receive
the detritus from the Laramide orogeny to the west and northwest.
The major transporters of this sediment have been the Mississippi
and Rio Grande Rivers. The supply of sediment has been so great
that the rate of subsidence could not accommodate the great volume
of material. BAs a consequence, the shelf edge prograded by as much
as 400 km from the edge of the Cretaceous shelf to the present shelf
break (Figure 1.3). This great wedge of sediment is illustrated in
Figure 1.4. Note that the thickness of the sediments near the
present coastline is approximately 15 km.

TEXAS-LOUISIANA CONTINENTAL SHELF

Physiography

The northwestern Gulf of Mexico shelf is dominated by one major
(Mississippi) and two minor (Brazos-Colorado and Rio Grande) deltas.
Other streams in the area are building deltas in bays and estuaries
behind barrier islands (Figure 1.5). The sediments on the
continental shelf reflect the environments of their adjacent coasts.
This is to be expected as 'sea level has risen approximately 130 m
during the past 16,000 to 18,000 years, and these same environments
have migrated across the shelf to their present positions.
Consequently, we have adopted the areas delineated by Curray (1960)
to subdivide the sediments of the shelf and their adjacent coastal
areas (Figure 1.5).

Central louisiana Area

Of the four areas Curray (1960) defines, the Central Louisiana
Area is most affected by the Mississippi River outflow (Figure 1.5).
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The western edge of this area is White Lake, just west of Vermilion
Bay. The outflow of the Mississippi has migrated back and forth
along this portion of the Gulf coast since Early Tertiary time.
During, the Miocene, the outflow was close to Sabine Lake; since
that time it has migrated eastward to Mississippi Sound and then
back toward the west and its present position. Sub-bottom profiles
in these areas show an abundance of sand-filled distributary
channels with interdistributary swamp and lake deposits between
them. Close to the shelf break, particularly near the head of the
Mississippi Trough, large slumps and debris flows are common. Shoal
areas, such as Tiger and Trinity off Vermilion Bay and Ship Shoal
farther to the east, are probably remnants of the Late Pleistocene
deltas.

Central Area

To the west of the present delta, from just west of Vermilion
Bay westward to Sabine Lake, lies the area known as the Chenier
Plain (Figure 1.5). This plain consists of low ridges of sand
separated by marshy swales underlain by sandy muds. The sand ridges
(cheniers) are beach deposits that have been formed in a rather
unusual manner. LeBlanc (1972) presented a conceptual development
model for these beach ridges. Shoreline accretion in this area is
mainly by massive influxes of mud and sand from the Mississippi
River Delta, eroded and transported westward into the Chenier Plain
area where they are deposited as muddy tidal flats. Repeated minor
fluctuations in sea level over long periods of time eroded the
margin of the mud flats and winnowed the fine sediment particles,
leaving a lag of fine sand and silt, with coarser shell debris along
the shoreline. Later, renewed influx of muds moves the shoreline
further seaward, and the cycle is repeated. The very rapid rate of
sedimentation in this area has effectively sealed streams such as
the Calcasieu and Mermentau Rivers, creating vast coastal marshes
and lakes.

The coast between Sabine Pass and Port Isabel is characterized
by barrier islands that separate lagoons and embayments from the
main body of the Gulf of Mexico. Most of the streams that flow into
the Gulf along this stretch of coastline do not drain very large
areas, and climate varies from subhumid in the Galveston area to
semi-arid south of Corpus Christi.

The Central Area extends to the southwestern tip of the
Matagorda Peninsula. The Brazos-Colorado deltaic plain has filled
in the lagoon behind the barrier island from the east end of
Matagorda Bay to the west end of Galveston Bay. This process may
occur very rapidly. For example, the Colorado River built its
delta across the eastern area of Matagorda Bay to the Matagorda
peninsula in a period of 25 to 30 years, between approximately 1930
and 1956. Since 1956 it has been building a delta outside of the
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barrier bar. However, strong longshore currents carry a large
amount of this sediment southwestward along the coast.

Western Area

The Western Area extends from the southern tip of Matagorda
Island to a point about 10 miles north of Port Isabel. The area is
characterized by an almost continuous barrier island and the absence
of any major streams. The semi-arid nature of the climate in this
area precludes any significant transport of sediment to the shelf
along this stretch of coastline. This area could be designated as
the South Texas interdeltaic plain lying between the deltas of the
Brazos~Colorado complex and the Rio Grande River. Shideler (1977)
shows the shelf sediments in this area to range from silty sands to
muads. In the central part of the area, off Corpus Christi and
Baffin Bay, the sediments are primarily clayey silts. The coarser
sediments are close to the northern and southern limits of
Shideler's study area, near the deltas. Sub-bottom profiles also
show distinctive features of the interdeltaic plain. Pyle (1977)
illustrates the sub-bottom structure in this area using minisparker
records. Figure 1.6 (Pyle's Figure 16), a line across part of the
ancestral Brazos-Colorado Delta, indicates abundant channeling in
the youngest seismic unit. His Figures 15 and 19 show lines within
the interdeltaic plain that indicate no channeling in the youngest
seismic unit. Figure 1.7 is a reproduction of Pyle's (1977) Figure
29 showing a minisparker profile across Baker Bank. This line
reveals the absence of channels and the very regular reflectors
typical of this area.

Rio Grande Delta Area

The Rio Grande Delta was actively built during Pleistocene and
Holocene time. Until recent times, the Rio Grande River supplied a
significant amount of sediment to the continental shelf. However,
with the construction of the numerous dams on the river, the amount
of sediment transported by the Rio Grande has decreased significant-
ly. Berryhill (1981) illustrates a major stream valley (possibly
the Nueces River) that flowed southward along the inner shelf during
the latest Wisconsin low sea level stand. This stream joined with
the Rio Grande and contributed sediment to the ancestral Rio Grande
Delta.

Hard Banks

Hard banks are distributed over the entire shelf from the
Mississippi Delta to Port Isabel, Texas. Several hundred hard banks
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are known to exist on the continental shelf and upper continental
slope. Most of the banks are associated with salt diapirs, but many
are not. Some are bare Tertiary and Cretaceous bedrock, while
others are heavily encrusted by organisms associated with coralgal
reefs (reefs built from both coral and coralline algae; Bathurst,
1975).

The coralgal reefs may be living, as they are at the Flower
Garden Banks, or they may be drowned, as they are on the South Texas
Shelf due to the presence of turbid bottom water. A line drawn from
Port O'Conner (near Matagorda Bay) towards the shelf break, in a
southeasterly direction, separates two major areas of hard banks.

To the south lies an area of numerous midshelf banks that are not
associated with salt domes; to the north and east is an area of mid
and outer shelf banks that are mostly involved with salt tectonics,
although some may be growing on shale diapirs.

Several classifications of banks have been proposed. These
have been based upon various combinations of three factors:
1) position on shelf (nearshore, midshelf, and outer shelf); 2)
total relief on the bank; and 3) water depths adjacent to the bank.
Aside from the fact that there are no high relief features in
nearshore, shallow water and that some of the banks in deeper water
have high relief, there is little relationship between any of these
factors. However, location on the shelf is a key factor: 1) it
determines the maximum amount of relief on the bank; 2) it strongly
affects maximum and minimum water temperature; and 3) relief and
temperature control the distribution of the biotic assemblages on
the banks. Position on the shelf also reflects the maturity of the
underlying salt diaper (see Chapter 8).

Recent Sediments

The normal sediments on the Texas-Lousiana Continental Shelf
are land derived sandy muds with varying amounts of biologically
produced skeletal material. The sources of the land derived
sediment are the major streams that flow into the northwestern Gulf
of Mexico. The Mississippi River is the major sediment contributor,
with an annual sediment discharge of 497 billion kilograms, of which
45% is clay, 36% silt, and 19% is very fine to fine sand (Everett,
1971). The other rivers of the region contribute minor amounts of
sediment to the Gulf because their deltas are mostly in estuaries
behind the barrier islands and beaches that are more or less
continuous from the Calcasieu River to the Rio Grande. Curray
(1960), in describing the distribution of sediments on the northwest
Gulf of Mexico continental shelf, divided the shelf into four areas:
1) the Rio Grande area, 2) the Western area, 3) the Central area,
and 4) the Central Louisiana area (Figure 1.5). The Rio Grande area
and the Central area are characterized by sandy sediments. The
Central Louisiana and the Western areas are underlain primarily by
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muds. One of the significant conclusions resulting from API Project
51 (Curray, 1960) is that most of the transport of sand is only to
areas close to the shoreline and that sand is not being transported
from the rivers to any part of the middle or outer shelf between the
Mississippi and Rio Grande Deltas. Silt and clay, on the other
hand, are distributed independently of the sand. Sands on the
middle and outer shelf are relict Pleistocene and Holocene
sediments.

Much has been written concerning the sources of sediments on
the Texas-Louisiana shelf (Van Andel, 1960; Van Andel and Poole,
1960; Davies and Moore, 1970; Shideler, 1978; Berryhill, 1975), and
the consensus is that most of the sediment is derived from the
Mississippi and Rio Grande Rivers, with some contribution from the
Brazos-Colorado Delta (Berryhill et al., 1976; Davies and Moore,
1970). Heavy mineral studies cannot unambiguously determine the
extent to which a certain source has contributed to a sediment or if
indeed it has at all (Hawkins, 1983). 1In his study of the sediments
in the Central area, Hawkins (1983) used quartz grain shape analysis
to differentiate among the sources contributing to sediments on the
shelf., The objective of his study was to compare the results of
heavy mineral counts and quartz grain shape analysis (Ehrlich and
Weimberg, 1970) to determine sources of fine sand in the area.
Hawkins concluded that much of the sand in the Central area is a
mixture of Colorado River, Brazos River, Trinity River, and Red
River sands with very little influence in the sand fraction from the
Mississippi River. Hawkins' conclusion that the sediments in this
area are the result of the Pleistocene progradation of deltas across
the shelf agrees with Winker (1982) and Curray (1960).

There has been much speculation concerning the rates of
sedimentation on the Texas-Louisiana Continental Shelf. Van Andel
and Curray (1960) suggested that rates will vary with time,
depending upon the state of equilibrium between the rate and type of
sediment supplied by the river and the rate of winnowing and
redistribution by marine agents. Of the deltas formed by streams
flowing onto the Texas-Louisiana Shelf, the Mississippi River Delta
area has the highest rate of sedimentation and progradation because
of the dominance of fluviatile over marine processes. The Rio
Grande and Brazos-Colorado Rivers, on the other hand, do not
transport the wolume of sediment that the Mississippi does, and
consequently marine processes dominate. Most of the sediment is
removed from the area, leaving a narrow zone of littoral deposits
along a non-prograding delta front. Other streams, such as the
Nueces, San Antonio, Guadalupe, Trinity, Neches, and Sabine Rivers,
flow into bays that are separated from the Gulf of Mexico by
bay-mouth bars and barrier islands. These streams have little or no
influence upon continental shelf sedimentation. As a consequence,
the large area designated as the Central Area (Figure 1.5) by Curray
{1960) has very low sedimentation rates, and in some parts of the
shelf there are no sediments being deposited at the present time.
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Curray's Central Area is underlain by relict Pleistocene and Early
Holocene deltaic deposits as described earlier in this chapter.

Recent geochemical studies of sediments on the Texas
Continental Shelf between Mexico and Matagorda Bay have used the
210ph method to determine sedimentation rates {Berryhill and
Trippet, 1980, 1981a, 1981b; Holmes, 1982). Unfortunately, the
Berryhill and Trippet papers do not include any text, and the Holmes
paper is rather cryptic in that Holmes' maps are inconsistent with
each other and with his text. Holmes (1982) states that of the 36
cores analyzed, 16 showed constant decrease in the log activity of
210p, versus depth, indicating a constant rate of sedimenta-
tion. Fifteen cores had no excess 210m, indicating that
there has been no sediment accumulation in the area of the 15 cores
for at least the past 150 years. Yet Holmes' midshelf minimum
sedimentation rate (his Figure 5) occurs in the same area as his
high surface 210m activity (his Figure 6). Holmes states
that the 210 activity in the sediments of the continental
shelf ranged from 25 to 1.0 dpm/g (decays per minute per gram).
However, Holmes' Figure 6 shows isopleths ranging only from 6 to
20 dpm/g.

A very disturbing feature of the maps in the Berryhill and
Trippett publications and the paper by Holmes is the lack of
conformity of the sedimentation rate isopleths to bathymetric
contours. One would expect such high rates of sedimentation to be
reflected in the bathymetry, but for some unexplained reason they
are not (see Berryhill and Trippet, 1980, 1981a, 1981b; Holmes,
1982, Figure 5).

Classification of Sediments

At this point we need to discuss the principles of classifica-~
tion and how these apply to the sediments of the Texas-Louisiana
shelf. These sediments range in composition from terrigenous
through mixtures of terrigenous and carbonate skeletal sediments to
pure carbonate sediments. Each of these three kinds of sediment has
its own classification problems.

Sediments may be classified according to texture, mineralogy,
or genesis. A textural classification is used to describe
terrigenous sediments because they have been subject to transport
from the continent by moving fluids. Determining the particle size
distribution in such sediments. allows interpretation of the process
of transportation and the velocities required to transport the
sediments. A greater flow velocity is required to transport a sand
grain than is needed to transport a grain of silt.

The classification of terrigenous sediments in general use by
sedimentologists today is that of Folk (1974). 1In his classifica-
tion scheme, Folk used the grade scale devised by Wentworth (1922).
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According to this grade scale, the diameters of the sediment
particles are as follows:

Gravel > 2.0 mm
Sand 0.0625 - 2.0 mm

Silt 0.0020 - 0.0625 mm Mud
Clay < 0,0020 mm

Folk places major emphasis on the presence of even minute
quantities of gravel because he regards the proportion of gravel as
a function of the highest current velocity at the time of
deposition. Consequently, even a trace of gravel (0.01%) is enough
to term the sediments "slightly gravelly." This emphasis on the
importance of gravel creates a problem when dealing with sediments
that are mixtures of land-derived detritus and locally produced
skeletal matter. For example, if an echinoid living on the bottom
dies and its skeleton is buried by mud, sampling at that site will
yield a sediment consisting of mud and the dissociated plates of the
echinoid skeleton. 1In the analysis, these plates could conceivably
amount to 5 or 6% of the sediment, requiring that it be classified a
gravelly mud. Yet the presence of 6% gravel is in no way related to
the current velocities at the time the sediment was deposited.
Present studies indicate that the amount of gravel in the sediment
on the OCS is not a function of the highest current velocities at
that site but rather proximity to a reef, either living or drowned.
This concept has not been understood by those who cite the presence
of large amounts of gravel at depths of 60 to 100 m as an indication
of strong bottom currents. The consequences of this erroneous
reasoning have great bearing upon the theorized fate of pollutants
introduced into the bottom boundary layer by shunting of cuttings
and mud from drilling platforms.

In carbonate sediments, which are produced by biological
activity and accumulate more or less in situ, textural analysis is
of little value in the interpretation of the origin of the sediment.
Carbonate particles, either whole or fragmented skeletons, give
carbonate sediments a clastic texture that may be described in terms
of the terrigenous sediment classification. However, the
interpretation based upon that classification may be completely
erroneous as it is not possible to distinguish between mechanically
deposited carbonates (calcarenites) and sediments that accumulate by
in situ deposition and fragmentation of skeletons (bioclastics)
(Logan, 1969). The only textural parameter useful for in situ
accumulations of carbonate sediment is the ratio between the amount
of sediment finer than and coarser than 0,0625 mm. This will give
an indication of the current regime at the depositional site, a
clean skeletal sand indicating currents strong enough to remove silt-
and clay-sized particles from the site, and a muddy sand indicating
currents too weak to remove silt- and clay-sized particles. A
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knowledge of the nature of the constituent particles is basic to the
understanding of the origin of carbonate sediments. The sediment is
intimately related to the fauna and flora from which it was derived,
and the name of the carbonate sediment facies is derived from the
dominant skeletal component in that facies.

Late Quaternary Sea Level Fluctuations

Poag (1973) reviewed the published record of Late Quaternary
sea levels and compiled a list of 26 still stands and their ages in
the Gulf of Mexico. Poag concluded that "it is fully expectable
that the 'post glacial' sea level rose in cyclical pulses.”
However, eustatic changes in sea level due to the growth and
withdrawal of the polar ice caps are complicated by isostatic and
tectonic movements of the seafloor. Isostatic adjustments are
caused by two mechanisms. Differential loading of the shelf by
seawater during high stands of sea level causes depression of the
outer shelf. Lowering of sea level removes the differential load,
and the outer shelf begins to rebound. A more permanent isostatic
adjustment is caused by sediment loading. The Mississippi River has
been disgorging its sediment load onto the Louisiana shelf and slope
since long before the beginning of the Pleistocene., Over 3048 m
(10,000 ft) of shelf sediments have accumulated since the beginning
of the Pleistocene in the vicinity of the Mississippi Canyon. The
tremendous mass of the sediment has caused a major amount of
subsidence in the area. McFarlan (1961) devised a graphic method
for determining the amount of subsidence due to sediment loading.
He estimated that the maximum structural subsidence following
deposition of approximately 270 m of "post—-glacial" sediment was
41 m in the vicinity of the head of Mississippi Canyon. Structural
movement decreased to zero shoreward (approximately 30°N latitude)
and laterally away from the axis of Mississippi Canyon
(approximately 200 km east and west of the axis).

Tectonic movements are caused by salt diapirism. Tectonism may
cause local shoaling (upthrusting of salt) or local deepening
(dissolution of salt at crest of diapir and subsequent collapse of
overlying sediments). Tectonism is probably the most important
factor in creating errors in sea-level curves. Broecker (1961)
casts serious doubt on the validity of McFarlan's (1961) sea-level
curve. At best, sea-level curves based upon 14¢ age dating
alone are tenuous. Much more detailed information is needed on the
regional nature and ages of unconformities in addition to the
diagenetic history of the involved sediments.

The sea-level curves of Ballard and Uchupi (1970) and Curray
(1960) seem to be fairly close except for the time between about
14,000 to 20,000 years BP. Ballard and Uchupi (1970) propose a low
stand of sea level of -150 m at 15,000 years BP, while Curray's
curve bottoms out at slightly less than ~120 m at 20,000 years BP
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(Figure 1.8). We have dbserved drowned reefs at about -150 m at the
West Flower Garden Bank, which lends credence to that part of

" Ballard and Uchupi's curve. Changes in paleogeography as
interpreted by Curray (1960) are shown in Figure 1.9.

Regional Structure

The major structural features on the Outer Continental Shelf
are gravity faults and salt diapirs penetrating a thick monoclinal
accumulation of Mesozoic and Cenozoic sediments (Figure 1.4).
Gravity faults may be locally controlled by salt diapirs, or they
may be regional in extent such as some growth faults that parallel
the shelf break (Figure 1.10). Faulting associated with salt
diapirs develops patterns that are controlled by regional stresses
(Wwithjack and Scheiner, 1982). Martin (1978) proposed five
significant causative factors as explanations of Gulf Coast growth
faults: 1) crustal loading and basement tectonics; 2) slumping along
shelf-edges and flexures as a result of rapid sediment accumulation;
3) salt and shale flow into local structures and systems of regional
extent; 4) gravitational creep and sliding; and 5) differential
compaction due to abrupt changes in sediment thickness and facies.
Examination of bathymetric charts such as National Oceanographic
Survey charts NH 15-11 (Bouma Bank), NH 15-~12 {(Ewing Bank), NG 15-2
(Garden Banks), and NG 15-13 (Green Canyon) reveals reentrants at
the shelf break that more or less coincide with alignment of salt
structures on the shelf and upper slope. The reentrants are real;
they have been mapped by several different investigators. The
orientation of these lineaments approximates the orientation of
fractures in the Mississippi Embayment (Figure 1.10) and the
Triassic and Jurassic grabens in northern and northwestern Florida
(Figure 1.11).  The 200 m and 500 m isobaths on Figure 1.11 between
90 and 94°W longitude show the orientation of the reentrants.

The similarity between these patterns and those of the
pre-Middle Jurassic fault basins is striking. The modern fault
systems are most likely inherited from the Early Jurassic structures
in areas between the Middle Jurassic salt basins, where little or no
salt was deposited, See Figure 1.12 for locations of salt basins in
BEast Texas, Louisiana, and Mississippi. The same patchy
distribution of salt could occur beneath the continental shelf.
There are areas of higher and lower concentrations of salt diapirs
on the continental shelf and slope off Louisiana and Texas (Figure
1.12). Lateral movement of the salt was caused by the overburden of
the thick wedge of Tertiary sediments. The salt flowed into the
faulted areas underlying the Late Cretaceous sediments and rose
along faults, which were readily available avenues, to form the salt
diapirs and ridges that we now see on the continental shelf and
slope.
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PALEOGEOGRAPHY
APPROX. 19,000 yrs B.P.
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REGRESSION NDURING MANKATO ADVANCE

Figure 1.9 a) Paleogeography of the northwest Gulf of Mexico
approximately 19,000 years B.P., when sea level is believed to
have been at about -65 fathoms. This correlates with the maximum
of the Tazewell glaciation. b) Paleogeography of the northwest
Gulf of Mexico at about 11,000 years B.P., when sea level is
believed to have been approximately -30 fathoms. This stage was
during the regression from -22 fathoms to -35 fathoms during the
advance of the Mankato glaciers of North America, following the
Two Creeks interval. Wind was from the southwest during this
period.
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Figure 1.9 (Continued)
c) Paleogeography of the northwest Gulf of Mexico approximately
9000 years B.P., when sea level was at about -15 fathoms. This
stage was during the temporary regression from approximately
=10 fathoms to -21 fathoms. Wind was from the southwest during
this period. d) Paleogeography of the northwest Gulf of Mexico
approximately 8000 years B.P., when sea level was at about
-9 fathoms. This was a period of stillstand of sea level before
the final stage of transgression to the present level. Reprinted
with permission from Curray (1960).
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Figure 1,11 Distribution of pre-Middle Jurassic (Callovian) rocks In northern and eastern Gulf of

Mexlico reglions, Explanation of patterns and synbols: (1) Precanbrian and Paleozolc metamorphic and
plutonic basement rocks; (2) Precanbrlian and Paleozolc metasedimentary rocks: slate, quartzite,
marble, and schist; (3) Paleozolc sedimentary rocks deformed by Paleozolc orogenlies; (4) Lower
Paleozolc platform deposits, undeformed; (5) Upper Paleozolc platform depos!ts--undeformed; (6)
Triassic and Jurassic ?'ebon deposits (red beds and diabase), Eagle Mills Formation, Newark Group, and
equlivalent; (7) Triasslc and Lower Jurassic volcanic and plutonic complex, mainly volcanic rocks of
Early Jurassic age. Bar and ball on downthrown side of normal fault; sawteeth on overthrust plate of
reverse fault, Reprinted with permission from Martin (1978),
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Flgure 1,12 Tectonlc map of northern Gulf of Mexlco reglon, Explanation of patterns and symbols: (1) reverse fault, sawteeth
on overthrust plate; (2) normal fault, hachures on downthrown slde; (3) fault of undetermined movement; (4) broad anticlline, or
arch, of reglonal extent; (5) salt dlapirs and massifs Indicating relatlve slze and shape; (6) shale antliclines and swells
(non-dlapiric), showing general trend; (7) Lower Cretaceous reef trend; (8) updip Iimits of Louann Salt; (9) uplifts of exposed
Paleozolc strata and crystalline basement rocks; (10) burfed Ouachlita tectonic belt; (11) Blue Ridge and pledmont, Scale: 1°
latitude equals 110 km, Reprinted with permission from Martin (1978),
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SUMMARY

The Gulf of Mexico is a small ocean basin that originated
approximately 160 million years ago (late Jurassic time) due to the
rifting of the North American, African, and South American plates.
The shallow, primordial Gulf has gradually evolved into its present
configuration, being enlarged due to continued spreading, deepened
due to subsidence, and being slowly filled by sedimentation. The
spreading phase ended during the Cretaceous Period (approximately 80
to 100 million years ago). Sedimentation and subsidence will
continue as long as streams flow into the Gulf from the continent
and lime-secreting organisms continue to thrive in areas of low
stream outflow,

The Western Gulf, from the Mississippi Delta to the Campeche
Canyon on the west side of the Yucatan Shelf, illustrates very
clearly the influence of deltaic sedimentation on the continental
shelf of the Gulf. The Mississippi River, because of its great
drainage area, has been the major contributor of deltaic sediments
throughout Cenozoic time, and as a consequence has built an
extremely large coastal plain - continental shelf complex in the
northwestern Gulf of Mexico. The narrowing of the coastal plain -
continental shelf complex southward into Mexico is due to the
limited drainage areas of the streams flowing into that part of the
Gulf,

The West Florida Shelf and the Yucatan Shelf are broad, shallow
areas that are composed primarily of carbonate sediments produced by
lime-secreting organisms. These areas of little or no continental
sediment influx are underlain by thousands of metres of shallow-
water carbonate sediments, indicating that accumulation of carbonate
skeletons on the seafloor in these areas has kept pace with
subsidence for many tens of millions of years.

The final structural complication in the northwestern Gulf is
the formation of salt diapirs on the Outer Continental Shelf and
continental slope. It is on these structures that most of the banks
and reefs discussed in this report occur.
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Figure 2,1 Distribution of datas upon which this analysls of clrculation, hydro$raphy and
sediment dynamics on the continental shelves of the Gulf of Mexico was based, The diagona!l

pattern Indicates areas for which there Is both hydrographic and suspended sediment data, The
horizontal |ine pattern Indicates areas for which only hydrographic data were avalitable, The
dep loyment perlods for the current meters and the sources of these current meter data appear
tn Table 2,1,

Table 2,1 Deployment Periods of Current Meters in Gulf of Mexico,
1973-1983, Keyed to Notation In Figure 2,1
Deployment Period Sources
B = July 1980 to February 1981 Brooks and Eble (1982)
BU = September 3 to 4, 1973 Forristal et al. (1977)
C = March 1978 = March 1981 Continental Shelf Assoclates (1982)
CH = January 1979 to August 1979 Crout and Hamlter (1981)
GM = August 1978 to September 1978 Marmorino (1982)
K = 1977 1o 1982 Cochrane and Kelly (1982)
M = March 1982 to May 1982, This Report
95° transect
M = January 1979 to July 1981, McGrall and Carnes (1983)
Fiower Gardens reglon
N = August 1973 to Apri! 1974 Nitler (1976)
S = October 1978 to December 1979, Hopkins and Schroeder (1981)
Florida Middie Ground and
Anderson Reef
S = 43-day deployment, 1977, Smith (1980)

South Texas Shelf
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CHAPTER 2

CIRCULATION, HYDROGRAPHY, AND DISTRIBUTION OF SUSPENDED SEDIMENT
ON THE CONTINENTAL SHELVES IN THE GULF OF MEXICO

A firm knowledge of the behavior of the flow field over the
continental shelves in the Gulf of Mexico is critical to understand-
ing both modern sedimentary processes and the zoogeography on those
shelves., Unfortunately, the quantity of high gquality direct
measurements of current velocities on these shelves is woefully
small. The locations of current meter moorings from which either
data or interpretation of data are available are shown in Figure
2.1, There is a substantially greater amount of hydrographic data
available, but it is clustered geographically (see Figure 2.1), and
the station spacings are rather coarse for resolving anything but
large scale, long-term differences. As shown in Figure 2.1,
observations of suspended sediment are exceedingly sparse, and are
reported in such a variety of units that they are comparable only in
a relative sense.

With that necessary caveat, it is also appropriate to state

that it is possible to deduce a great deal of useful information
from the data set available, in spite of its shortcomings.

FORCING MECHANISMS

A very limited number of mechanisms drive flow phenomena on
continental shelves. However, they all vary with respect to the
amplitude of their input, in both time and space, and they all
operate at the same time. Those mechanisms are

rastronomical forcing (tides)

*atmospheric forcing (primarily wind)
*differential heating

*river runoff

*interaction with shallow flow of the deep basin.,

Tides

Tides are a good place to start a discussion of forcing and
flow responses because they are nearly alone in being truly
periodic. Therefore, one can predict tide heights, phase, and
currents for any station merely by observing the tides for a
sufficiently long time without recourse to determining how the tide
propagates or what its amplitude is in deep water.
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Tides are, of course, caused by the gravitational attraction of
the moon and sun. Out of this duo we are able to derive six major
tidal constituents: the principal diurnal lunar tide (04); the
principal diurnal solar tide (P4); the diurnal luni-solar tide
(Kq); the principal semidiurnal lunar tide (M3); the principal
semidiurnal solar tide (S;); and the larger lunar elliptic (N2
Of these six components, the most important (largest amplitudes) are
the 04, K¢, My, and S5. In addition, there are fortnightly
variations (Mf) in the amplitudes of these constituents as the moon
goes through its phases relative to the sun. Maximum amplitudes
occur when the sun apd moon are aligned (in phase), and minimum
amplitudes occur when the moon and sun are 90° apart (in quadra-
ture). These changes are known as spring (maximum) and neap
(minimum) tides.

In any given basin the tide may be directly forced by the
variation in gravity, or it may be driven indirectly by entry of the
tidal wave through a port or entrance. The latter is known by the
term co-oscillating tide. It is also possible, of course, for the
tide to be a combination of the two.

The Gulf of Mexico is essentially a small (1.555 X 106 km2)
ocean basin with two ports, one port located at the Florida Straits
and the other at the Straits of Yucatan. The tides of the Gulf vary
from diurnal (one high and one low tide per day) to mixed. The
mixed tide is semidiurnal (two high and two low tides per day) but
with a large inequality between the heights of the succeeding highs
and/or lows. Representative tide records are shown in Figure 2.2.
Note the contrast between the tides of the Gulf and those of Miami,
which lies on the Atlantic seaboard where semidiurnal tides are the
rule. The records also show that the Gulf of Mexico has a
microtidal environment with a maximum range of less than 1 m.

Reid and Whitaker (1981) have shown, rather persuasively, that
the diurnal portion of the tide is primarily a co-oscillating tide
driven by that in the Caribbean Sea and Atlantic Ocean. They show
that the contribution due to direct forcing is only on the order of
15%. For the M; and S, components, direct forcing accounts for
65% of the signal. From the results of their model, Reid and
Whitaker (in press) suggest that the semidiurnal tide rotates
counterclockwise about an amphidromic point at the tip of the
Yucatan Peninsula. The tidal ellipses (major and minor axes) for
the K4 and Mj tides from the Reid and Whitaker (in press) model
are shown in Figures 2.3 and 2.4.

Atmospheric Forcing

The wind blowing over the sea surface produces three types of
response in the sea, two of them direct and one indirect. First,
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the wind deforms the sea surface into that bane of mal de mers,
surface gravity waves. It also induces surface currents by direct
frictional drag (stress) on the sea surface. The frictionally
driven currents redistribute water, producing horizontal pressure
gradients between areas where the water is blown out and those where
it is blown in. The resulting pressure gradients, in turn, drive
flow which is only indirectly coupled to the wind.

Blumberg and Mellor (1981) computed wind stress over the Gulf
of Mexico on a monthly basis at a 1° grid spacing from over a
million reports of wind velocity from ship ocbservations. They did
this as input for a numerical model of the wind driven circulation
in the Gulf of Mexico. The average wind stress vectors for January,
March, June, and September from Blumberg and Mellor (1981) are shown
in Figure 2.5. 1In January the regional wind stress over the Gulf
is, in general, from northeast to southwest., By March the stress
vectors have swung more westerly so that they are, in general,
oriented east to west. In the summer months, represented by June,
the Gulf has come under the influence of the Bermuda High Pressure
system so that the stress vectors point primarily to the northwest.
Where Blumberg and Mellor wind stress vectors can be compared with
those calculated by Cochrane and Kelly (1982) from shore stations
along the northwestern Gulf, they agree rather well, at least in
orientation.

These monthly mean stress fields are perturbed in the winter by
the intrusion of polar air masses into the Gulf. This intrusion
takes the form of a frontal passage. Along the south side of the
front there is usually a low pressure trough. Strong southerly
winds flow into the trough heralding the approach of the cold front.
As the front passes, strong north winds bring the polar air out over
the Gulf,

In the summer and fall, tropical cyclones may migrate into the

Gulf producing large anticlockwise wind systems that significantly
alter the local flow field.

Differential Heating

Inequalities in insolation due to latitudinal variations across
the Gulf produce horizontal variances in the water density. This
produces variances in the pressure field and that, in turn, causes
circulation. One might think of it as convection on a very large
scale.

On the shelf, winter cold air outbreaks can extract very large
amounts of heat from the shelf waters, thereby altering their
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density structure. These changes can happen over very short time
scales.

Runoff

The Louisiana continental shelf receives the outflow of one of
the world's largest rivers, the Mississippi. At peak discharges in
April it can deliver more than 104 m3/s to the Gulf. This
volume of water poured on the surface of the Gulf produces strong
local pressure gradients that induce currents which would not
otherwise exist. The outflow also produces the classic estuarine
responses, with surface flow out away from the river mouth and
bottom flow toward the river mouth.

Cochrane and Kelly (1982) show that the outflow hugs the Texas-
Louisiana coast throughout much of the year and is augmented by the
outflow from rivers to the west of the Mississippi. They suggest
that this stand of brackish water along the coast sets up a pressure
gradient that adds to the wind-driven, west-to-southwest mean flow
along the Texas coast.

Interaction with Shallow Flow of the Deep Gulf

In addition to locally produced circulation, the Gulf is
intruded by a jet of swift flowing water, the Loop Current. This
current enters through the Yucatan Straits and exits through the
Florida Straits after "looping" up toward Alabama. The northward
extension of the Loop Current in the Gulf varies considerably. Its
descending limb courses along the steep Florida continental slope.
This flow fluctuates, causing cross-shelf variances in the
horizontal pressure and, one would suspect, a flow field., It also
should entrain some of the shelf-edge water and drag it toward the
south. As the Loop Current enters the Gulf, it often becomes
unstable and develops meanders. These may pinch off and form rings
that propagate into the western Gulf (see Elliott, 1982, and Merrell
and Morrison, 1981). These rings may also influence flow on the
outer shelf and slope off Texas as they spin down.

WIND-DRIVEN SURFACE FLOW AND THE LOOP CURRENT IN THE DEEP BASIN

One of the simplest methods of studying surface flow is the use
of drifters. Unfortunately, surface drifters provide only two data
points (drop position and time, and location and time of retrieval),
so the path from start to end cannot be traced. Some conclusions
can, however, be drawn about wind-driven surface flow.
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The Office of Naval Research supported a project by researchers
at Texas A&M University to deploy a large number of woodhead
drifters from research vessels and ships of opportunity passing
through the Caribbean Sea and Gulf of Mexico. The project ran from
1975 through 1978.

Woodhead drifters are yellow plastic disks 18 cm in diameter
with red plastic stems 52 cm in length. A serial number, offer of
reward for information regarding the date and location of the
drifter's recovery, and address of the researcher are imprinted on
the disk. In the period from October 1975 through December 1978,
15,684 of these drifters were released. The statistics of the
releases and recoveries were reported by Parker et al. (1979). Of
the 15,684 drifters launched, reports on 2127, or 14%, were returned
to Texas A&M University.

A rather remarkable observation arising from the study is that
drifters released anywhere in the Gulf of Mexico west of a line from
the Mississippi Delta to the middle of the Yucatan Strait washed
ashore, almost exclusively, on the Texas shore. The greatest number
of drifters were found between the southern tip of Padre Island and
Galveston Bay. Drifters released to the east of the above mentioned
line were found, almost exclusively, on the east coast of Florida
in the area between Miami and Cape Canaveral. This includes
drifters released on the West Florida Shelf.

This distribution fits well with expectations based on the wind
stress fields of Blumberg and Mellor (1981) (Figure 2.5) and a
knowledge of the Loop Current. 1In general, the wind stress should
produce a significant westward drift in the surface waters of the
Gulf of Mexico. It is no particular suprise then that surface
drifters accumulate at the western end of the basin. The
convergence on Padre Island, as will be demonstrated, is a function
of the shape of the coastline in the western Gulf. Similarly, the
absence of drifter returns from the west Florida coast is consistent
with the expectation that surface waters should be blown offshore by
the westward wind stress.

The Loop Current shows up in this data set as the only obvious
agent that could entrain drifters in the eastern Gulf of Mexico and
move them out through the Straits of Florida. It then carries them
up the east coast of the peninsula where the westward wind stresses
there drive the surface waters, and drifters, onshore. It is the
entrainment of most drifters in the eastern Gulf by the Loop Current
that accounts for the paucity of drifters from that area that find
their way to the Texas shelf.

One problem with drifters is that one knows only where they
were released and where they were found, not the path they took
between those two points. However, the general pattern they reveal
is useful as a control on possibilities offered by theoretical
models (Figure 2.6).
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Hypothetical Trajectories
Based on Surtace Drifters
Released 1973-1974

(Parker ot al., 1979)
95°

Figure 2.6

’

Idealized surface drift based on surface drifter
data from Parker et al.,

1979.

The dividing line is the
demarcation between release points for which nearly all drifters

went west and those for which the drifters exited the Gulf
through the straits of Florida.
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Blunberg and Mellor's (1981) model of circulation in the Gulf
of Mexico is of interest because it provides suggestions of how the
flow field behaves over the whole Gulf. It is possible, therefore,
to compare its predictions for areas where observations exist to
test its validity and to gain some insight into circulation patterns
where data are sparse. Their model is rather comprehensive in that
it treats both barotropic and baroclinic modes, contains provisions
for eddy (turbulent) viscosity, uses realistic bathymetry, and uses
input through the boundaries to drive the model.

The horizontal velocity vectors for the level 6 m below the sea
surface generated by the model at 90-day increments are shown in
Figure 2.7. Similar vector plots for the 100 m level appear as
Figure 2.8. The flow patterns on the shelves are consistent with
the drifter data of Parker et al. (1979), but the flow patterns for
the deep basin are not. The model does develop a Loop Current which
would remove drifters from the eastern Gulf. The flow field the
model portrays in the western Gulf would, however, carry the
drifters to the north and northeast and not toward the western
boundary of the basin. This may be related to a more disturbing
failure of the model, which is that it does not shed eddies from the
Loop Current. These eddies and their importance to the western Gulf
of Mexico are well documented (see for example Nowlin and McLellan,
1967; Behringer et al., 1977; Elliott, 1982; and Merrell and
Morrison, 1981).

The models of Hurlbert and Thompson (1982) do generate
variations in the intrusion of the Loop Current which lead to
meanders that pinch off, forming anticyclonic (clockwise rotating)
rings. These drift westward toward the western boundary of the
basin. Variations in the Loop Current intrusion and a pinched off
ring were shown in the data of Ichiye et al. (1973) (Figure 2.9).
Nowlin and McLellan (1967) suggested that a large anticyclonic gyre
occupied a major portion of the western Gulf. This study was based
on a rather coarse grid of hydrographic stations taken on two
cruises. Blaha and Sturges (1981) put forth the hypothesis that the
anticyclonic flow is generated by the curl of the wind stress.
However, Elliott (1979) showed that when the wind stress curl was
calculated on a finer scale than that used by Blaha and Sturges, it
yielded a cyclonic circulation in the Gulf of Campeche, with
anticyclonic circulation to the north.

Elliott (1982) showed that eddies were shed from the Loop
Current at a rate of slightly more than one per year, that they
drifted to the west at about 2 km/day, and that they contributed
significantly to the salt and heat transport into the western Gulf
of Mexico. Merrell and Morrison (1981) drew upon Nowlin and
McLellan (1967), Elliott (1979), Blaha and Sturges (1981) and new
hydrographic data from the western Gulf of Mexico to present a
rather complicated picture of circulation at the western margin of
the basin. They hypothesized that the wind stress produces a
cyclonic circulation in the Gulf of Campeche, that an anticyclonic
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gyre exigts to the north of the Gulf of Campeche as a result of
westward drifting anticyclonic rings shed by the Loop Current, and
that a second cyclonic eddy may exist even farther north (above
24°30'N latitude). Merrell and Morrison (1981) postulate that the
northern cyclone is also generated by the Loop Current. These can
only form when the Loop Current is at its full northern extension.
At that time a low pressure trough forms to the west of the
northward-flowing limb of the Loop Current. A cyclonic eddy could
then form if a meander enfolded the trough., They suggest,
therefore, that the northern cyclone may not always be present
because the Loop Current does not reach full extension every year.

In summary, then, circulation in the deep basin of the eastern
Gulf of Mexico is dominated by the Loop Current, which is generated
outside the Gulf. Judging from the drifter data of Parker et al.
(1979), this current entrains the surface waters of the eastern Gulf
and sweeps them out though the straits of Florida. Though the Loop
Current varies considerably in the extent of its northern
penetration into the Gulf, it is clear that the current maintains a
persistent anticyclonic circulation in the waters of the basin east
of a line from the Mississippi Delta to the Straits of Yucatan.

Circulation in the deep basin west of the Mississippi Delta-
Yucatan Straits line is much more complicated that that in the east.
The western basin appears to be dominated by large (200 km)
anticyclonic and, perhaps, cyclonic eddies spun off by the Loop
Current; these drift to the western boundary. There, the eddies
interact with the local wind-driven circulation in some complex and,
as yet, incomprehensible fashion. Whatever the nature of the
interaction, the circulation of the deep western Gulf should exhibit
significant year-to-year variation because of the annual variance in
the number of rings or eddies spawned. Also, the Parker et al.
(1979) drifter data show, unequivocally, that the surface waters of
the western Gulf converge on the Texas coast whatever their
circuitous path to that location might be.

LONG-TERM, LARGE SCALE OBSERVATIONS

The distribution of observations on the continental margins
around the Gulf of Mexico is very uneven (see Figure 2.1). The
shelf off Mexico, for example, is virtually devoid of reported
observations. The only information available upon which to base
speculations is the drifter data of Parker et al. (1979) and
mathematical models. Similarly, there is very little information
about the segment of shelf from DeSoto Canyon west to the
Mississippi Delta. Only the Texas-~Louisiana and West Florida
shelves have had any large-scale hydrographic surveys or long-term
current meter moorings from which data are available.
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Mexican Shelf

The drifter returns from releases on the Mexican shelf in
October and November 1976 imply a rather complex circulation
pattern. Drifters released on the Yucatan banks and throughout the
Gulf of Campeche were found on Padre Island, Texas. On the other
hand, a very few drifters from the western Gulf of Campeche went
southeastward and landed at Veracruz. This matches up fairly well
with the 6 m depth velocity vectors from Blumberg and Mellor's
(1981) model (Figure 2.7). Their velocity field on the Mexican
shelf shows an anticyclonic drift with a convergence at Veracruz for
all periods except midsummer.

From these data it appears that water which enters through the
Straits of Yucatan along the shelf sweeps westward across the broad
carbonate platform of the Yucatan Peninsula, swings southwest along
the outer shelf in the Bay of Campeche, then heads north to the
Texas shelf. This must be viewed as a long-term, general flow that
would have many perturbations superimposed on it. It is not
possible to make any estimate of the effect of the cyclonic and
anticyclonic gyres of the deep basin on the shelf circulation.
However, the surface waters of these gyres do become entrained in
the shelf flow somehow because the drifters released in them come to
rest on the Texas coast (Figure 2,6).

Texas-Louisiana Shelf

Seasonal Circulation Patterns

The monthly averaged wind stress field over the Texas-Louisiana
shelf is relatively uniform in magnitude and direction (Figure 2.5).
However, the orientation of the coastline varies from essentially
north-south along the western boundary of the Gulf to essentially
east-west between Galveston, Texas and the Mississippi Delta. Both
Smith (1980) and Cochrane and Kelly (1982) have cbserved that the
coastal currents are best correlated with the alongshore component
of the wind stress. Smith (1980) further suggests that convergence
in the alongshore flow ought to occur where the wind stress is
normal on an arcuate coast. That should be the case because at that
point the alongshore wind stress would be zero. Consider Figure
2.10. In that figure the wind stress is perpendicular to the coast
at location 1, so there is no component of stress parallel to the
coast. At position 2, however, the wind stress is not perpendicular
to the coast, so it possesses a component of stress in the down
coast (SW) direction. At position 3, the alongshore wind stress
component is directed up coast (NE)., . In very shallow water the flow
goes in the direction of the alongshore windstress, so it converges
at location 1.



Figure 2.10
coastline.

the coast, so no alongshore current is generated.
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Using a combination of historical data (meteorological and
oceanographic), long-term current meter records (see Figure 2.1 for
locations), processed satellite imagery, and monthly hydrographic
transects of the inner shelf, Cochrane and Kelly (1982) have
developed an interesting model of the mean monthly flow on the
Texas-Louisiana shelf. The essence of their model appears in
Figures 2.11 and 2.12.. These charts show the mean geopotential
anomaly at the sea surface (relative to the 70 decibar surface) with
streamlines., With the exception of July, the coastal flow on the
east-west segment of the shelf is down coast, or westerly. 1In the
spring, a northerly flow develops on the north-south shelf segment,
The convergence zone between these two flows migrates northeasterly
very rapidly in the midsummer, so that in July the coastal currents
are all up coast, with considerable cross-shelf exchange just west
of the Mississippi Delta. Figure 2.5, the July wind stress of
Blunberg and Mellor (1981), shows the mean wind stress to be normal
to the shore at the Texas-Louisiana border.

Whereas the currents very near shore are driven directly by the
alongshore component of the wind, the offshore flow tends to be
directed to the right of the wind. This piles surface waters up
against the coast along the east-west segment of the shelf during
all periods when the wind stress is acting to the west. This sgets
up the coastal waters so that there is a pressure gradient normal to
the shore. Under these conditions a geostrophic current should
develop, with the Coriolis acceleration balancing the pressure
gradient as shown in equation 1

ue = -1 9p
£ 2 ay (1)
where u = x component of flow (positive to
the east)
f = 2wsing local angular velocity of the
earth, in radians per second
P = density
P = pressure
Y = north-south coordinate (positive to the north)

This means that pressure increasing to the north would drive a
westerly flowing current.

During the periods of westerly flow at the coast, the discharge
of the Mississippi River is tucked against the coast by the wind
stress, and by its density contrast augments the westerly flow.
Cochrane and Kelly (1982) were able to show that decreases in
salinity at their study site (Figure 2.1) occurred about six weeks
after periods of discharge maxima in the Mississippi River.

In the offshore region, the historical hydrography implies that
the flow should be northward along the N-S shelf segment and
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eastward along the E-W segment. This is in good agreement with
Blumberg and Mellor's (1981) model and the observations of Nowlin
and McLellan (1967).

Cochrane and Kelly (1982) suggest that during the winter
preferential cooling of the rather saline mid-shelf waters would
create a dynamic low on the shelf which would then set up a cyclonic
circulation on the outer shelf. That is, it would set up a
counterclockwise flow. This low appears on the shelf for all
periods except July. It is, however, difficult to account for the
re-establishment of the low after July if recourse must be made to a
remnant of cooler water at mid-shelf left over from winter cooling,

Continental Shelf Associates, Inc. (CSA) maintained a current
meter mooring 2 km to the SSE of Baker Bank from March 1978 through
March of 1981 for Conoco, Inc. The mooring was set in 73 m of water
with meters at depths of 12 m, 38 m, and 69 m. These data were
released by Conoco, Inc. and provided by CSA to aid in the present
study. The location of the mooring is shown in Figure 2.13, along
with the location of the National Data Buoy Office (NDBO) buoy 42002
and the location of the moorings established by Texas A&M University
researchers for the Minerals Management Service.

Progressive vector diagrams (PVD) for the currents at the CSA
site and the East Flower Garden, as well as the surface winds
recorded at NDBO 42002 were created from raw recorded data for the
period from 23 April 1980 to 8 August 1980 (Figure 2.14). Before
discussing these PVDs, it is essential that they be recognized for
what they are. The current vector recorded at the beginning of each
sample interval is multiplied by the time between samples. In the
case of the CSA data, the interval is 30 minutes; it is one hour
for the NDBO winds; and 20 minutes for the Flower Garden currents,
The resulting vector gives a distance and direction, but it should
not be viewed as a displacement. It is a representation of the time
history of the flow through a point (the current meter). These
vectors are plotted so that the origin for each new vector is the
nose of the last vector, thus the name, progessive vector diagram.

In the first two and a half weeks of the record, the wind
oscillated between flow from the southeast and flow from the
northeast. Thereafter the wind was out of the southeast except for
brief periods of flow from the east at the end of the third week,
beginning of the seventh week, and middle of the tenth week,

The average flow for the period at the CSA site, near Baker
Bank, was toward the northeast parallel to the local trend of the
isobaths. During the first six weeks, the flow went through two
counterclockwise rotations which are not clearly related to the
wind. The first oscillations may be related to the passage of the
last, weak cold fronts of the season seen in the wind record.
However, the southerly flow at the upper meter (12 m) between weeks
4 and 6 is hard to reconcile with the steady southeasterly wind.
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The record for the meter at 38 m depth possesses much tighter loops
during the first six weeks, indicating slower flow than at the
surface. There are also directional differences between the two,
with more southerly flow at the surface., The near-bottom flow (69 m
depth) exhibits reversals, rather than rotational events, during the
first six weeks. It is also apparent that, were it not for the very
large northerly flow between weeks 9 and 10, the net flow at the
bottom would have been to the south.

Beginning about the middle of week 6, the flow at all depths
turned to the north. The near-bottom flow reversed abruptly in the
middle of week 7, then returned to northerly flow in the middle of
week 8., This perturbation may be related to the wind shift during
that period. The very strongest flow at all levels is between weeks
9 and 10. The wind was not appreciably stronger, but it 4id shift
from southeasterly to southerly during this period.

The Flower Garden moorings were deployed in deeper water (about
100 m) than the mooring at the CSA site (73 m) (see Figure 2.13 for
locations). Also mooring 2 was set at the base of the East Flower
Garden Bank, so flow at that site is deformed by the bank.

The only current meter in the Flower Garden region as shallow
as the top meter at the CSA site was the electromagnetic current
meter (EMCM) on mooring 2. Unfortunately, the EMCM battery failed
prematurely, leaving only a two-week record. This very short piece
does suggest that the surface waters were responding to the
reversals in the wind which occurred at that time (Figure 2.14).
The mid-depth current (50 to 60 m) was, however, remarkably constant
in its flow to the east. Ignoring the record from the bottom
current meter on mooring 2 because of the strong topographic
influence of the bank, one can see that the bottom flow in the
Flower Gardens region was also to the east, much slower than the
mid-depth flow, and oriented slightly more offshore.

Figure 2,15 is a PVD for the wind at the NDBO 42002 and the CSA
site for 11 weeks starting on Valentine's Day 1979. During this
period, flow at the level of the upper two meters responded much
more directly to the wind. The bottom current also responded to
variations in the wind, but it was flowing to the southwest with
greater strength than mid-depth water was flowing to the northeast,

Monthly means for all moorings and all deployments (January
1979 to July 1981) were computed for the Flower Gardens site (Figure
2.16a). The records were divided into mid-depth (32 to 64 m), near
bottom (11 to 18 m above bottom), and very near bottom (4 to 8 m
above bottom)., The mid-depth currents are dominated by a rather
strong easterly flow except for two periods: mid-July 1979 to
mid-August 1979 and December 1980. The cause of the anomalous flow
in 1979 was the passage of Tropical Storm Claudette. This storm
passed over the Flower Gardens travelling northward early on 25 July
1979, After passing over the region, the storm stalled over the
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Figure 2.14 Progressive vector diagrams constructed from

velocity time-series records beginning on 23 April 1980 for the
wind at NDBO buoy 42002 and the currents at the top, middle, and
bottom meters on the CSA mooring near Baker Bank; and the
currents at all available meters on moorings 1, 2, and 3 near
the Flower Garden Banks.
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Texas coast resulting in several days of high winds over the
northwestern Gulf. 1In the second period of westerly currents,
several very strong cold frontal passages took place, resulting in a
vector average wind out of the northeast.

The bottom currents were directed primarily toward the
southeast. There was no apparent seasonal distribution to these
vector means, but that may be due to the relatively small sample
period.

For the monthly vector averages, the greatest variance was in
the east-west, or u component, of flow., The cause of the variation
was investigated by means of a multiple linear regression using the
north-south 7,; component of wind stress and east-west or 7,
component of wind stress as the independent variables. The
regression had the form

u=A3a+ Br; +Cry

where A, B, and C were estimated from the data using the best fit
according to the least-squares criterion. The values for these
constants were found to be: A = 7.89 + 3.28; B = 3.9 + 8.,9; and C =
23.3 + 6.7. This model will account for approximately 70% of the
variance in the u component of the mid-depth current. The low value
of B, its large standard error, and the large value of C imply that
the variance of the east-west component of flow is driven by the
north-south component of the wind stress. The stronger the wind
stress is to the north, the greater the magnitude of the eastward
flowing current.

The same regression was run for the very near bottom meters,
excluding those from mooring 2. The values for the constants on
this run were: A = 8.25 + 2.89; B = 16.1 + 6.1; and C = -4.4 + 4.4.
For the bottom flow, it is obviously the east-west component of wind
stress that is related to the variance. Again, approximately 70% of
the variance of u could be accounted for by the model. This latter
result may be related to the fact that very strong wind stress to
the west over the shelf would produce onshore-directed Ekman flow at
the surface and southwesterly-directed Ekman flow at the bottom.
Convergence of the bottom flow from the inner shelf and the easterly
bottom flow from the outer shelf would modulate the flow at the
location of the Flower Garden Banks, as the model implies,

The set of monthly mean current vectors computed from all CSA
mooring data are displayed in Figure 2.16b. The stronger currents
(between 8 cm/s and 25 cm/s) at the top meter, 12 m from the
surface, are directed primarily to the northeast, nearly parallel to
the local shelf iscbaths. However, for several cases with speeds
less than 8 cm/s, the mean currents are directed nearly offshore or
onshore. The few cases with a downcoast (southwest) component to
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the flow are found only in the late fall and early winter, and are
perhaps related to the wind stress patterns found during this time
of year. Over much of the year, the winds are from the southeast,
but winds come from the northeast in late fall and early winter.
The mid-depth currents (38 m depth) again show a predominance of
northeast flow at higher speeds, but with a greater percentage of
occurrences with lower speeds and nearly random directions. The
bottom current averages in Figure 2.16b show a predominance of
southwesterly flow, in the opposite direction to the surface
currents and with less than half the speed. The few cases with
upcoast flow at the bottom are found in the winter and spring.

Salinity Distribution

To belabor the cbvious for a moment, the Mississippi River
contributes an enormous volume of fresh water to the Texas-Louisiana
shelf. Elliott (1982) provides an estimate that 371 km3/yr are
discharged to the western Gulf of Mexico by the Mississippi River.,
That is equivalent to approximately 5% of the water on the
continental shelf between the Mississippi Delta and the 95°W
meridian and on the order of 0.1% of the wolume discharge of the
Loop Current through the Yucatan Straits.

The discharge of the Mississippi River is not constant. 1In
1982 there were maxima in mid-February, early March, and late June,
according to Cochrane and Kelly (1982)., They further reported
observations of corresponding decreases in the salinities measured
at the site of their current meter moorings (Figure 2.1) in late
March and late May but that the brackish water of the June maxima
did not reach that site because the flow was up coast in late June
and July.

The effects of the Mississippi effluent on the surface
salinities of the Texas-Louisiana shelf are shown for alternate
months of 1964 in Figure 2.17. 1In the winter, with discharge of the
river at a minimum, oceanic waters with salinities of 36 ppt intrude
to within a few kilometres of the coast. By May, the nearshore
salinities have plunged to 20 ppt or less, and the 36 ppt isohaline
has been pushed off the shelf. Also, notice that there is a
suggestion in these May surface salinities that low salinity water
is moving offshore and recurring to the east along the shelf break.
A similar situation was found in March of 1982 (Sahl et al., 1982)
when a thin veneer of water having a salinity of less than 36 ppt
was found on the outer shelf between 95°30'W and 96°W (Figure 2.18).
This is consistent with the model of Cochrane and Kelly (1982),
which calls for cross-shelf flow near the region of Matagorda Bay
and entrainment in the eastward flowing current on the outer shelf
(Figures 2.11 and 2.12).
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Figqure 2.17 Sea-surface salinity from GUS III observations taken

in February, May, August, and November 1964. (From Cochrane and
Kelly, 1982,)
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